Five ampicillin-resistant clinical isolates of Enterococcus faecium were analyzed for a correlation between overproduction of the low-affinity penicillin-binding protein (PBP 5) and the level of ampicillin resistance.
resistance development in these microorganisms still remains modification of penicillin-binding proteins (PBPs), in particular, overproduction of a low-affinity PBP which is a normal component of the PBP pattern of these bacteria (9, 10) .
The role of low-affinity PBPs in penicillin resistance has been demonstrated with studies of Enterococcus hirae ATCC 9790 which showed the following results. (i) In mutants isolated in the laboratory as resistant to increasing concentrations of penicillin, the amount of the low-affinity PBP (PBP 5) is proportional to the level of resistance and the penicillin MIC corresponds to the minimal concentration saturating PBP 5 (10) . (ii) A mutant which does not produce PBP 5 is hypersusceptible to penicillin, and its MIC is similar to that of streptococcal strains which do not naturally produce low-affinity PBPs (Streptococcus pyogenes, Streptococcus pneumoniae, etc. [11] ).
(iii) Saturation of PBP 5 correlates with the fastest kinetics of bacterial killing by penicillin, suggesting that the protein is also the target for the bactericidal activity of this antibiotic (15) . The mechanism by which overproduction of PBP 5 confers resistance has been ascribed to the ability of this PBP to substitute the functions of the other PBPs (3, 4, 7, 8, 10) . This proposal stems from the finding that ATCC 9790 mutants overproducing the low-affinity PBP grow normally in the presence of penicillin concentrations which saturate all PBPs but not PBP 5, which, in these conditions, is apparently the only active PBP. In addition, it has been shown that, in ATCC 9790 derivatives which carry a temperature-sensitive defect in the essential PBPs 1, 2, and 3 associated with a temperature-sensitive cell division, a second mutation causing overproduction of PBP 5 allows normal growth at the nonpermissive temperature (4) .
The recent cloning of the E. hirae PBP 5 gene (pbp5) (5) has provided insights into the genetic mechanism of penicillin resistance development (14) . It has been shown that, in resistant mutants, PBP 5 overproduction is associated with a deletion in a genetic element, located 1 kb upstream of pbp5, which negatively controls PBP 5 synthesis (14) . Hypersusceptibility to penicillin is associated with a point mutation inpbp5, which causes premature termination of translation. E. hirae pbpS does not hybridize with DNA of other enterococcal species, suggesting that the genes which code for low-affinity PBPs are not strictly homologous (5a). However, antibodies raised against E. hirae PBP 5 cross-react with low-affinity PBPs of Enterococcus faecium and Enterococcus faecalis, suggesting structural homologies between these proteins (13) .
Overproduction of low-affinity PBPs has also been associated with development of penicillin resistance in other enterococcal species (E. faecium, E. faecalis, Enterococcus durans, etc.) by studies of in vitro-selected penicillin-resistant mutants or penicillin-resistant clinical isolates (1, 10, 20, 21) .
Very recently, the finding that the amount of low-affinity PBP did not correlate with the level of ampicillin resistance in some clinical isolates of E. faecium has been used to suggest that overproduction of a PBP is not the only mechanism of resistance and that other factors are involved in expression of resistance in enterococci (12) . In the present study, we questioned this proposal by demonstrating with the help of immunologic analysis that the relatively small amount of the lowaffinity PBP detected in some ampicillin-resistant E. faecium strains by radioactive penicillin binding assay did not reflect the actual amount of this PBP, which was indeed overproduced, but was the consequence of a decrease in its penicillin affinity. 
MATERLALS AND METHODS
Bacterial strains and growth conditions. The E. faecium strains used in this study were isolated at the Centro de Infectologia of the Clinica del Sol in Buenos Aires, Argentina, and at the Microbiology Institute of the Catholic University in Rome, Italy. These strains were identified as E. faecium with the API-Strep System (BioMerieux, Marcy-l'Etoile, France). Strain 28R was obtained by serial passages of strain 28S on media containing penicillin concentrations increasing from the MIC to four times the MIC (13) . Bacteria were grown in tryptone soy broth (Difco Laboratories, Detroit, Mich.) at 37°C. ,B-Lactamase production was tested with nitrocefin (Oxoid, Basingstoke, Hampshire, England).
Antibiotic susceptibility testing. The MICs of antibiotics were determined in tryptone soy broth medium by the broth dilution technique by using a standard protocol (18) . Each tube was inoculated with stationary cells to obtain a final density of 106 CFU/ml. The MIC was defined as the lowest antibiotic concentration preventing visible growth after 18 h of incubation. The bactericidal activity of the MIC was evaluated by determining the number of CFU from the MIC tube, as described previously (15) . To abolish the carryover of the antibiotic, suitable dilutions of the cultures were plated on tryptone soy agar supplemented with 100 U of penicillinase (Penase concentrate; Difco Laboratories) per ml (15) .
Determination of cellular autolytic activity. Ten milliliters of each broth culture in balanced exponential growth (5 x 108 bacteria per ml) was rapidly chilled and filtered (Millipore filter; 0.45-,um pore size), washed three times with distilled water at 4°C, resuspended in 10 ml of 0.3 M sodium phosphate (pH 7), and incubated in a 37°C water bath (6) . At intervals, turbidity was monitored at 550 nm. The autolytic activity was expressed as the percentage of lysis calculated by comparing the turbidity of bacterial suspension in phosphate buffer after 60 min at 37°C with that of the initial suspension.
Analysis of PBPs. Labelling of PBPs was performed with isolated membranes as described previously (9) . Two hundred micrograms of membrane proteins was incubated with 50 ,uM
[3H]benzyl-penicillin (specific activity, 18 Cilmmol; Amersham) for 60 min to detect PBPs, which, like E. hirae PBP 5, slowly bound the antibiotic. PBPs were detected by fluorography after separation of membrane proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10).
Western blotting (immunoblotting) and immunologic detection of low-affinity PBPs. Membrane proteins were subjected to SDS-PAGE and transferred by electrophoresis onto nitrocellulose as described previously (13) . The raised against E. hirae PBP 5 and was shown to cross-react with the low-affinity PBPs of E. faecium and E. faecalis (13) . The enzyme-linked immunologic development was as described previously (13) .
RESULTS AND DISCUSSION
Characterization of E. faecium clinical isolates. The ampicillin susceptibility of strains used in this study is reported in Table 1 . The laboratory strain 28R and one clinical isolate (strain 6036) proved moderately resistant to ampicillin (MIC, 32 ,ug/ml); all of the other clinical isolates were highly resistant (MIC, 128 jig/ml). The autolysis rate and the susceptibility to the bactericidal effect of ampicillin MIC were also studied, because these parameters have been shown to increase in both E. hirae and E. faecium strains resistant to penicillin and overproducing the low-affinity PBP (2, 6, 13). Table 1 shows that the level of autolytic activity expressed by all resistant strains was higher than that expressed by the susceptible strain. In addition, the percentage of cells surviving after 24 h of incubation with the respective MIC of ampicillin was several times higher in the susceptible strains than in both the moderately resistant and highly resistant strains. These results showed that, at least with regard to the cellular parameters investigated, the properties of highly resistant strains did not substantially differ from those of resistant strains overproducing the low-affinity PBP. The not great correlation observed in resistant strains between the percentage of cellular autolysis measured in phosphate buffer and the percentage of bacteria surviving ampicillin exposure was explained by considering that antibiotic action caused the release of autolytic enzyme inhibitors (2) whose amounts could differ from strain to strain and that bacterial death could also occur without lysis.
PBP analysis. The PBP pattern of the susceptible strain 28S and the highly resistant strains 16, 26, 9439, and 9759 appeared to be similar, except for some differences in the amounts of PBPs relative to PBP 7 (Fig. 1) . All of these strains showed very small amounts of PBP 5. In contrast, this PBP appeared to be overproduced in the moderately resistant strains 28R and 6036. Incubation of membranes purified from strains 28S, 28R, 6036, and 9759 for 15 and 60 min with radioactive penicillin showed that the PBP 5 of these strains bound penicillin with ,ug/ml; 9795, 128 ,ug/ml. the slow kinetics typical of the low-affinity PBPs, the PBP 5 band being more marked in membranes incubated for 60 min (Fig. 2 ). PBP labeling with increasing concentrations of radioactive penicillin was not performed because of the very high cost of this reagent.
Immunologic detection of PBP 5. In contrast with the very different amount of PBP 5 detected in autoradiograms, a Coomassie-stained gel of total membrane proteins revealed in all resistant strains a protein band of similar intensity with the same molecular mass as PBP 5 (75 kDa), which was apparently absent in the susceptible strain 28S (Fig. 3A) . Because the density of the 75-kDa band could be influenced by both PBP 5 and other proteins running at the same position, quantification In conclusion, the present study showed that the mechanism of acquisition of high-level ampicillin resistance in enterococci is not substantially different from that of the intermediate-level resistance and that additional factors were not necessarily needed for expression of high-level ampicillin resistance, since the decrease in PBP 5 affinity alone may be sufficient to cause the increase in the level of resistance.
